Background/Aims: Diabetic nephropathy is one of the main causes of end-stage renal disease. The present study investigated the effect of mononuclear cell (MC) therapy in rats subjected to diabetic nephropathy. Methods: Male Wistar rats were divided into control (CTRL), diabetic (DM), CTRL+MC and DM+MC groups. Diabetes was induced by a single injection of streptozotocin (45 mg/kg, i.p.) and, 4 weeks later, 2×10 7 MCs were injected via the jugular vein. Results: The rats in the DM and DM+MC groups showed increased glycemia, glomerular filtration rate and glomerular tuff area versus control groups. The glomerular filtration rate and glomerular tuff area were normalized in the DM+MC group. No alterations were observed in the fractional excretion of electrolytes and proteinuria between the DM and DM+MC groups.
f ingested over the 24 h was measured and urine was collected for the same period for analysis of creatinine (kinetic assay), glucose (enzymatic colorimetric assay), total protein (colorimetric assay), sodium (flame photometry), potassium (flame photometry) and chloride levels (colorimetric assay). After 24 h in metabolic cages, the animals were anesthetized with ketamine (75 mg/kg b.w.) and xylazine (10 mg/kg b.w.) and their peritoneal cavity was exposed. Blood was collected from the inferior vena cava with a 1-ml tuberculin syringe previously rinsed with 0.1 M EDTA. Immediately after collection, the blood was placed on ice and centrifuged at 5000×g for 5 min at 4°C for plasma separation. Creatinine, urea, glucose, sodium, potassium, and chloride analyses were performed as mentioned above.
The creatinine clearance was calculated using the following equation: (urinary flow × urinary creatinine concentration)/plasma creatinine concentration = ml/min. The glomerular filtration rate was determined using creatinine clearance normalized by body weight (ml/min per kg).
The clearance of sodium, potassium, and chloride was calculated using the following equation: (urinary flow × urinary solute concentration)/plasma solute concentration = ml/min. The equation to determine the fractional excretion of each electrolyte was (electrolyte clearance/creatinine clearance) × 100.
The level of proteinuria was obtained from the protein concentration in urine multiplied by the total urine volume per day.
Characterization of Mononuclear Bone Marrow Cells Using Flow Cytometry
The MC population used in the experiments was characterized by flow cytometry (BD FACSAria IIu, BD Biosciences, USA). MCs (5x10 5 cells) were incubated for 20 minutes in RT with the following anti-rat antibodies: anti-Granulocytes-FITC and anti-CD34-PE (from Santa Cruz Biotechnology, USA), anti-CD45- Fig. 1 . Timeline of the experimental protocol. CTRL, control group; DM, diabetic group; MC, bone marrow-derived mononuclear cells.
PerCP-Cy5.5 (from BD Biosciences, USA), anti-CD90-PE (from BD Pharmingen, USA), anti-CD11b/c-FITC (from Caltag Laboratories -Invitrogen). All antibody dilutions were 1:100 in PBS. After incubation, samples were fixed with a lysing/ fixing solution (BD Lysing Solution, BD Biosciences, USA) for 15 minutes and washed in PBS before analysis in a flow cytometer. Data analyses were performed using FlowJo v.7.6.3 software (Tree Star Inc., USA).
Tissue preparation
After blood collection, the animals were perfused with sterile saline containing heparin (10 U/ml) via the left cardiac ventricle. Their right kidney pediculum was clamped, the right kidney was excised, and total protein was extracted. After excision of the right kidney, the animals were perfused with paraformaldehyde 4% via the left cardiac ventricle and the left kidney was then excised and processed for histological analysis.
Protein extraction and ELISA analysis
The renal tissue was homogenized in lysis buffer (250 mM sucrose, 20 mM HEPES, 1 mM EDTA, 50 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 1× Roche protease inhibitor cocktail (Roche Diagnostic, Mannheim, Germany) using a glass Potter homogenizer with a Teflon piston (10 strokes). After homogenization, the tissue homogenate was centrifuged at 600×g for 5 min. The pellet was discarded and the supernatant was transferred to a new tube and centrifuged again at 3000×g for 10 min. The total content of TGF-β1, IL-6, vascular endothelial growth factor (VEGF), IL-10, tumor necrosis factor (TNF)-α, and interferon (IFN)-γ proteins in the kidney was quantified using specific ELISA kits (Peprotech, Invitrogen).
Histology
The kidneys from the animals sacrificed 16 weeks after the start of the experiments were sectioned midfrontally into 2 pieces, immersed in Gendre's fixative solution, and embedded in paraffin. Sections were cut 4-μm thick and stained with periodic acid-Schiff reagent (PAS) to visualize the basement membrane or with a modified Picrosirius Red technique for collagen [25] . Immunohistochemical procedures on the paraffin-embedded sections included (1) a mouse monoclonal antibody against rat ED1 to detect macrophages (AbD Serotec, Raleigh, NC), (2) a mouse monoclonal antibody against rat nestin (AbD Serotec, Raleigh, NC), and (3) a rabbit polyclonal antibody against rat arginase I (Santa Cruz Biotechnology, CA, USA). ED1 and nestin antibodies were visualized using the Dako LSAB® 2 system HRP kit (Dako) using diaminobenzidine as the chromogenic substrate (Liquid DAB, Dako).
For co-localization of arginase I and ED1, paraffin sections were dewaxed, hydrated in graded ethanol, and incubated in PBS containing 5% bovine serum albumin,0.01% gelatin, 0.01% Tween-20, and 0.05% Triton X-100. The sections were then immersed in 5% borohydroxide, incubated in a permeabilization PBS solution containing 0.5% Triton X-100 and heated in 10 mM sodium citrate (pH 6.0) to 98°C for 10 min followed by 90 min to cool down to room temperature to retrieve the antigens. The remaining endogenous peroxidase (catalase) activity was inactivated where appropriate by exposing the sections to 3% H 2 O 2 in methanol for 30 min. After blocking with PBS solution containing 10% bovine serum albumin, 0.01% gelatin, 0.05% Tween-20, and 0.1% Triton X-100 plus 20% goat serum and 20% rat serum, sections were incubated overnight in a humid chamber (4°C) with a rabbit polyclonal antibody against rat arginase I. In a subsequent step, the sections were washed with PBS containing 0.25% Tween-20 and incubated with goat anti-rabbit Alexa 546 (Invitrogen Co, Carlsbad, CA). Finally, the sections were incubated with a mouse monoclonal antibody against rat ED1 (AbD Serotec), which was visualized with a goat F(ab′)2 anti-mouse IgG + IgM conjugated with fluorescein isothiocyanate (Caltag), washed, and incubated with DAPI (4′,6-diamidino-2-phenylindole; Santa Cruz Biotechnology) to stain the nuclei.
For all histological analysis, simultaneous negative control staining reactions were performed without the primary antibody. No positive staining was obtained in these controls.
Histomorphometry
For histomorphometry, an image analysis system composed of a digital camera (Evolution, Media Cybernetics Inc., Bethesda, MD) coupled to a light microscope (Eclipse 400, Nikon) was used. High quality images (2048×1536 pixels buffer) were captured with Pro Plus 4.5.1 software (Media Cybernetics). All the quantifications were done by one observer. 
Cellular Physiology and Biochemistry
Glomerular histological analysis PAS-stained sections were used to capture 15-20 photomicrographs of glomerulus, chosen randomly. Glomerular area and glomerular tuff area were measured in each image using Image-Pro Plus Software version 4.5.1 for Windows (Media Cybernetics, Silver Spring, MD, USA).
Deposition of collagen fibers
Picrosirius Red staining was used to quantify the total area of collagen fibers in the glomerulus and in the tubulointerstitium area (15-20 photomicrographs each). The fields were chosen randomly and the results represent the percentage of total collagen fibers per tissue area and are expressed as means±standard error of the mean (SEM).
Nestin
+ density quantification To analyze the integrity of renal epithelial cells (podocytes), nestin expression was detected by immunohistochemistry. Nestin-stained sections were used to capture 20 photomicrographs from glomerulus. The results represent the percentage of nestin immunodetected in the total glomerular tuff area and are expressed as means±SEM.
Quantification of the glomerulus containing ED1
+ cells To observe the presence of macrophages in the renal tissue, the expression of ED1, a glycoprotein present in lysosomal membranes of tissue macrophages, was analyzed by immunohistochemistry. One hundred glomeruli from each kidney section stained with ED1 were randomly chosen and the glomeruli containing ED1
+ cells were counted. The results represent the percentage of glomeruli that contained ED1 + cells and are expressed as means±SEM.
Quantification of the glomerulus containing double-stained (ED1
) cells Histological sections double-stained for ED1 and arginase I were examined to quantify the number of glomeruli that contained double-stained (ED1 + /arginase I + ) cells. ED1 is expressed in classically activated and alternatively activated tissue macrophages (M1 and M2 macrophages, respectively), and arginase I is expressed in M2 macrophages [26] [27] [28] . A total of 70-100 glomeruli from each double-stained section were observed for this analysis. The results represent the percentage of glomeruli that contained ED1 + /arginase I + cells and are expressed as means±SEM.
Tracing the bone marrow-derived MCs
To evaluate if MCs home to the injured kidneys, bone marrow-derived MCs were incubated with the fixable amine-reactive fluorescent tracer CellTrace™ Far Red DDAOSE (Invitrogen, Eugene, OR), according to the manufacturer's instructions and infused into CTRL and DM rats (2 rats per group) assigned only for this analysis. The animals were sacrificed 24 h or 6 days after infusion of MCs. Perfusion was performed with sterile saline containing heparin (10 U/ml) via the left cardiac ventricle followed by 4% (w/v) buffered paraformaldehyde solution and then with a 1:1 mixture of paraformaldehyde and 10% (w/v) sucrose. The kidneys were removed, cryopreserved in 30% (w/v) sucrose in PBS, embedded in Tissue-Tek OCT compound (Tissue-Tek®, Sakura Finitek USA, Torrance, CA) and frozen at -80°C. Frozen sections (10-μm thick) were obtained, collected onto slides coated with poly-l-lysine and fixed with cold acetone. The sections were washed with PBS and incubated with 5% (w/v) bovine serum albumin in PBS before being stained with 10 μg/ml TO-PRO-3 (Invitrogen, Eugene, OR). The sections were washed in PBS and coverslipped with Vectashield mounting medium (Vector Laboratories, Burlingame, CA). A Zeiss confocal microscope LSM 510 META NLO was used to visualize Far Red DDAO, with excitation at 543 nm.
Statistical analysis
Data are expressed as means±SEM and the normality of the data was tested. If this condition was satisfied, the data were analyzed by one-way analysis of variance (ANOVA) followed by the Neuman-Keuls multiple comparison test or by unpaired Student's t test using GraphPad Prism 4.0 software (GraphPad, San Diego, CA, USA). Statistical significance was inferred at a 2-sided value of P<0.05.
Results

Blood glucose and body weight
To confirm the establishment of type 1 diabetes mellitus, the blood glucose level and body weight of all rats were measured throughout the experiments. DM and DM+MC rats maintained higher blood glucose levels compared with CTRL and CTRL+MC rats after induction of diabetes ( Fig. 2A ). An increase in body weight in the CTRL and CTRL+MC rats during the 16 weeks after induction of diabetes was observed compared with DM and DM+MC rats (Fig. 2B) . These results show that injection of bone marrow-derived MCs did not reduce the blood glucose concentration and did not increase body weight in diabetic rats.
Characterization of bone marrow-derived mononuclear cells
MCs were characterized by flow cytometry to determine the percentage of the different cell types in the mononuclear fraction (n = 3). Samples presented 96.1±1.5% of hematopoietic cells (CD45 + ) and 3.4±0.81% of non-hematopoietic cells (CD45 -) (Fig. 3A) . We observed that CD45 + cells in the MC fraction were constituted by 48.8±13.2% of granulocytes (CD45 + /Granulocytes+) (Fig. 3C) (Fig. 3F) . In CD45 -subpopulation, cells presenting mesenchymal stem cell markers were about 0.23±0.058% (Fig. 3D) . All presented percentages above are related to the total acquired events analyzed (approximately 10 5 events recorded).
Effects of the infusion of bone marrow-derived MCs on renal function
Renal function was assessed in a group of animals 4 weeks after induction of diabetes and this experiment was performed to analyze the renal function of the diabetic animals at the time of injection of bone marrow-derived MCs. The other animals were subjected to the same procedure 16 weeks after induction of diabetes.
Four weeks after induction of diabetes, the DM rats showed an increase in urinary flow, plasma creatinine, glomerular filtration rate, plasma urea and glucose, sodium, and chloride fractional excretion compared with CTRL rats. No changes in potassium fractional excretion were observed (Table 1) .
Sixteen weeks after induction of diabetes, DM rats showed an increase in urinary flow, glomerular filtration rate, proteinuria, and glucose, sodium, chloride, and potassium fractional excretion compared with CTRL rats. Plasma creatinine was not significantly different between all groups. DM+MC rats did not show any improvements in glucose, sodium, chloride, and potassium fractional excretion and proteinuria compared with DM Table 1 . Urinary flow, plasma creatinine, glomerular filtration rate (GFR), plasma urea, proteinuria, and fractional excretion (FE) of Na+, Cl-, and K+ in CTRL and DM groups 4 weeks after induction of diabetes. All values are represented as mean±SEM (n=5). * indicates significant difference from CTRL, (*) P<0.05, (***) P<0.001
Renal morphology after injection of bone marrow-derived MCs
Rat renal morphology was analyzed 16 weeks after induction of diabetes. Kidneys from the DM group showed an increase in glomerular tuff area (65.18±1.598%) compared with the CTRL group (54.56±1.665%) (Fig. 5 ) and showed cytoplasmic vacuolations in cortical tubular cells (data not shown). The DM+MC group showed a reduction of the glomerular tuff area (59.01±2.529%) compared with the DM group, reaching control values. However, tubular cytoplasmic vacuolations were still observed in DM+MC rats compared with DM rats. Total collagen fiber measurements within the glomeruli and in the tubulointerstitium were not different among the groups (Fig. 6) . Nestin expression was lower in DM (13.93±2.527%) and DM+MC (10.83±0.4646%) glomeruli compared with the CTRL group (22.63±3.996%) (Fig. 7) .
IL-6, VEGF, and TGF-β1 expression in the kidneys
Four weeks after induction of diabetes, expression of IL-6, VEGF, and TGF-β1 proteins in whole kidney was higher in the DM group than in the CTRL group (2.2±0.39-fold, 2.1±0.40-fold, and 1.6±0.14-fold, respectively) (Fig. 8) . Sixteen weeks after induction of diabetes, expression of IL-6 and VEGF renal proteins was not different among the experimental groups. However, the expression of TGF-β1 renal protein was 1.3±0.09-fold in the DM group compared with the CTRL group. The expression of TGF-β1 in the DM+MC group was similar to the values found for the CTRL group (0.9±0.17-fold) (Fig. 8) . 
Macrophage infiltration in diabetic kidneys
The percentage of glomeruli containing ED1 + cells was not different in the CTRL, CTRL+MC, and DM groups. However, the DM+MC group showed an aproximately 2.5-fold and 1.9-fold increase in ED1 + glomeruli compared with CTRL and DM groups, respectively (Fig. 9) . Macrophage number per glomerular section was aproximately 3.3-fold and 2.1-fold higher in DM+MC group if compared to CTRL and DM groups, respectively. Figure 10A shows that 1 of the 5 glomeruli represented in CTRL photomicrography, 1 of the 4 in CTRL+MC, 1 of the 4 in DM and 3 of the 5 in DM+MC are ED1+/arginaseI + positive. The percentage of glomeruli containing cells double-stained for ED1 and arginase I was not different in the CTRL, CTRL+MC, and DM groups, but it was approximately 3.4-fold and 2.9-fold higher in the DM+MC group compared with CTRL and DM groups, respectively (Fig. 10) . works that showed an increase in glomerular filtration rate in type 1 diabetic rats at 4 weeks [29] [30] [31] and 16 weeks [3] after induction of diabetes, in both cases corresponding to an early diabetic nephropathy stage [2, 7, 12] .
Diabetic animals received a single dose of bone marrow-derived MCs constituted of a heterogeneous population of precursor cells, leucocytes, mesenchymal cells and hematopoietic cells when glomerular dysfunction was already established (4 weeks after streptozotocin administration). These animals showed a reversion of hyperfiltration that lasted for the period of the present study (12 weeks after cellular therapy) accompanied by a reduction in the glomerular tuff area despite the persistence of hyperglycemia. Nestin density was reduced in diabetic animals and was not improved in the diabetic animals that received a dose of MCs. This result suggests that an improvement in glomerular function is not related to podocyte recovery (Fig. 7) .
It was previously reported that in mouse models of type 2 [32] and type 1 [33] diabetes mellitus, human bone marrow-derived mesenchymal cells were able to prevent renal injuries and pancreatic islet degenaration [32] . In both cases, because of the normalization of blood glucose levels as a result of regeneration of pancreatic islets, it is not possible to know whether mesenchymal cells were directly involved in glomerular regeneration or if this regeneration was secondary to the reduction of glycemia to euglycemic levels. On the other hand, in a nonimmunological C57BL/6 mice model of diabetes, developed with a single high dose of streptozotocin, administration of bone marrow-derived mesenchymal cells was able to prevent renal failure despite the persistence of hyperglycemia [34] .
Our results show that glomerular function and morphological recoveries were not a consequence of glycemic control, suggesting that these effects were due solely to the administration of bone marrow-derived MCs. We observed that bone marrow-derived MC therapy in healthy animals had no effect on glomerular function or morphology, and is a safe therapeutic approach. Hyperglycemia was not reduced in our model compared with previous studies, probably due to: (1) the difference between animal species; (2) the protocol used to induce disruption of pancreatic beta cells; (3) the therapeutic cell type used.
In addition to glomerular alterations in diabetic nephropathy, a progressive loss of tubular function during the course of the disease has already been described, leading to interstitial fibroses in its advanced stages [35] [36] [37] . Our results show that diabetic animals presented tubular dysfunction in handling glucose and electrolytes throughout the analysis period but despite the improvement in glomerular function of diabetic animals after injection of bone marrow-derived MCs, no improvements were observed in the tubular function of these animals (Tables 1 and 2 ). Thus, we can infer that bone marrow-derived MC therapy 4 weeks after induction of diabetes mellitus was not able to prevent the development of alterations in tubular function in diabetic rats or restore the disrupted tubular function.
Although alterations in tubular function can be accompanied by interstitial fibrosis in the advanced stages of diabetic nephropathy, no differences in collagen deposition in the tubular interstitial area were observed among experimental groups after 16 weeks of hyperglycemia, suggesting that the animals were at the early phase of diabetic nephropathy.
TGF-β1 is considered to be the main factor involved in the development and progression of diabetic nephropathy [15, [38] [39] [40] . In the present diabetic nephropathy model, we were able to observe a reduction in TGF-β1 renal expression after treatment with bone marrow-derived MCs, along with a reduction in the glomerular filtration rate and glomerular tuff area to CTRL animal levels. The same observation was made in spontaneous hypertensive rats subjected to diabetes where the inhibition of TGF-β1 expression by tranilast, an antiallergic drug that inhibits the release of cytokines from macrophages and chemical mediators from mast cells [41] , led to a reduction in glomerular hyperfiltration and glomerular tuff area expansion despite persistent hyperglycemia [42] .
In addition to TGF-β1, other factors such as VEGF [2, 40, 43, 44] and IL-6 [2, 45, 46] have also been reported to be involved in the development of diabetic nephropathy. Our results suggest a role for VEGF and IL-6 in the establishment of the disease but not in its progression because their levels were increased in animals after 4 weeks after induction of diabetes but not after 16 weeks (Fig. 8) .
Diabetic nephropathy has recently been considered to be an immunological chronic disease and one of its main features is the glomerular accumulation of macrophages [46] [47] [48] [49] [50] [51] [52] [53] . In mice injected with streptozotocin, macrophage infiltration was correlated to an increase in plasma creatinine level, albuminuria, glomerular hypertrophy, glomerular hypercellularity, and collagen IV deposition. Glomerular macrophages are prevalent in early but not advanced diabetic nephropathy and they can act early on mesangial cells to promote collagen fibers production [54] . In renal interstitium, macrophages are correlated with tubular atrophy, tubular dilatation, apoptosis, and an increase in collagen IV deposition [11, 55] . These macrophages have been described as M1 classically activated macrophages, responsible for the release of pro-inflammatory cytokines and for stimulating renal oxidative stress through the release of iNOS, leading to renal damage [55] [56] [57] [58] . However, some investigators show that macrophage accumulation in diabetic kidney may vary according to the severity of the disease [58, 59] . M1 macrophages are known for increased expression and secretion of proinflammatory cytokines such as IL-6, TNF-α, and IFN-γ. Our results show that there are no alterations in TNF-α and IFN-γ expression in the kidneys of rats comparing all groups 16 weeks after the beginning of the experiments.
M1 and M2 (alternatively activated) macrophage populations can be distinguished from each other through their cytokine expression and secretion pattern. Different subsets of M2 and M2-like macrophages have been described and are distinguished from each other by their protein synthesis and cytokine secretion profile, as reviewed elsewhere [57, [60] [61] [62] . One of the main cytokines secreted in high amounts by M2 macrophages is IL-10 [63, 64] , an immunoregulatory cytokine that had been associated to the termination of inflammation processes [65] . One of the main proteins expressed in M2 and M2-like macrophages is arginase I, an enzyme that converts arginine to urea and ornithine. It is important to keep in mind that arginine can also be converted to citrulline and nitric oxide (NO) by nitric oxide synthase (NOS) as a competitive pathway to the arginase pathway. In fact, NO or ornithine production are proposed to be the clearest way to distinguish opposing macrophage activities, in which M1 macrophages refer to NO production and M2 macrophages refer to ornithine production [66] . It should be taken into account that NOS and arginase levels reflect an indirect measure of NO or ornithine, the functional products of macrophages.
Arginase I positive macrophages were previously shown to be involved in wound healing and tissue repair [26] [27] [28] 67] and could be a possible therapeutic approach to many inflammatory diseases [58] . The production of IL-10 and arginase I by M2-like macrophages has been shown to contribute to the suppression of fibrosis [68, 69] . In the present work we observed an increase in ED1
+ macrophage infiltration at the glomeruli of diabetic animals that received injection of bone marrow-derived MCs but not in diabetic animals that received injection of vehicle (Fig. 9) . After immunohistochemistry analysis we showed that an ED1 + /arginase I + macrophage population was increased in glomeruli of MC-treated animals compared with the DM group (Fig. 10) .
A reduction in IL-10 expression is observed in the DM group compared with control animals and it is normalized in DM+MC group (Fig. 11) . A direct relation between the increase in ED1 + /arginase I + macrophage infiltration and IL-10 expression levels in DM+MC group cannot be assumed because other types of cells have been described as capable of producing and secreting IL-10 after stimulation, like isolated mesangial cells [70] and renal tubular cells [71] . Therefore, we can only infer that the MCs administration in the diabetic rats can increase both glomerular infiltration of a subset of macrophage that is arginase I positive and IL-10 renal expression when compared to diabetic animals without MCs administration. Further experiments are necessary to properly identify the source of the increased IL-10 renal expression observed in this experimental model.
It has already been shown that mesenchymal bone marrow cells are able to switch the phenotype of macrophages from the classically activated (M1) phenotype to the M2 phenotype in a rat model of spinal cord injury [72] and in a NOD/SCID gamma null mouse model of acute myocardial infarction [73] . M2 macrophage activation and its actions are still poorly understood and more work is needed to elucidate these questions.
Our hypothesis is that bone marrow-derived MCs might be used in the treatment of early glomerular alterations in rats submitted to diabetic nephropathy. After MC administration, and compared to DM group, the combination of an increase in arginase I positive macrophages, an increase in IL-10 expression and a decrease in renal release of TGF-β could allow complete restoration of normal glomerular structure and function. Additional studies are warranted to further investigate the mechanisms of action of MCs in this model.
In summary, our work shows that bone marrow-derived MCs given endovenously to diabetic rats contribute to improvement in glomerular function and morphology in a rat model of type 1 diabetes mellitus, probably through a decrease in the renal content of TGF-β together with an arginase I positive macrophage accumulation in the glomeruli.
